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Prothymosin a antisense oligomers inhibit myeloma cell division 

Adwana R. Sburlatu Richard E. MAr«w)w, and Shblby L. Bbrgbr* 

Ci^mmuHfcascd by Giib^rt A^hwtli October «, 190C (rtcehedfor rtvUw AuBMit 6, 1990} 



ABSTRACT Hie ftoJCtlon of prothynuMln a hfifl been 
Inveatlgited by nsfaig t^ur dUferciit antisciuc oligodeoxyTibo- 
iiuclco(l4«!a directed at scUxU^ regloii* of its m&NA. eV«ry 
case, when raDchroiUzed human m/eloma cells were releaaed 
itattonjiry phase by Incubntton In medto» coBt^ 
faig antisense oUgwnert, cell division vaa. prevented or fau- 
lted: sense oUgomers and rAndam pntbcnse oligomen hM no 
effect A detailed analysis oT synchroniied adl populations 
Indicated tfiftt sense-trcakd and imtreated odb divided -17 hr 
after wrowth IniHstlon, whereas celb Incubated ^ib antbense 
oUgooicr 183, a 16-iiier targeted 5 bases dowMtream of tt^ 
fautlAtlon codim, entered mltmU appro^aie^y one cdl dW- 
oitti late. The foUnre ifl divide correlated directly wMh a defWt 
in prothynuMln a and witb the coatbmed prc9e>ice of inlwt 
IntracellvlaT anUsense oUgomen over a period of At least 24 br. 
Because antisense dieomcra bad no effect eldier on tbe Ifanlng 
of the tadnctiott of prothymosin » mHNA upon growth fitlm- 
nlatlon or on mRNA levels seen througbooi the cell eyckr we 
concluded that antisense DNA caused ApedfU bybrld arrest of 
translfldon. Our duta suggest that protbymostai a U required 
for ceU dlvKton. However, there 1» no evidence that prothy- 
mosin a directly regulates mltefiis. 

The function of piothymosin a is debatable. Evid^ice from 
thi& and other laboratories suggests that the protein is neither 
a precursor of thymosin bi. a putative thymic hoiinone, nor 
a secreted thymic hortnone it$elf (1-3). Instead, several 
observations support a role in ccU proliferation: (0 Prothy- 
mosin a mRNA and protein are present in virtually all 
mammalian tissues, and a homologous protein has been 
detected in yeast (1, 4-8); these findings are consistent with 
an activity essential to mOSl cells, (n) The amounts of 
prothymosin a and its mRNA are roughly proportional to the 
proliferative activity of the tissue from which they are 
isolated (1, 4, 7). (ru) Prothymosin a mRNA is Induced in 
normal human lymphocytes and in servJOMtarvcd NEH 3T3 
cells Upon growth stimuhitioo with mitogens or serum, re- 
spectively (1). 

Using COS cells transfected with the human prOthymosm 
a gene, we have recently shown that prothymosin <r is a 
nuclear protein. We have also found that chimeric proteins 
composed of all or pan of prothymosin a fused with /Har 
lactosidftse are taiBCted to the nucleus only when the basic 
amino adds at the caiboxyl terminus of prothymosin a are 
inchided (9), The presence of a nuclear localization signal 
indicates a fhncdon carried out* at least in part, in the 
nucleus; the precise nature of that fiuiction is unknown. 

In the present study, wc have directly evaluated the 
relationship between prothymosin a and CcU division. Using 
antisense oligomers to inhibit accumulation of prothymosin a 
in a synchronized population of myeloma cells, we have 
established that cells deficient in prothymosin o cannot 
divide, that the inhibition is reversiblje, and that degradation 
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of intracellular antisense oligomers accompanies resumption 
of the cdl cycle. 

MATERIALS AND METHODS 
Mydoma Celto. Type RPMI 8226 human myeloma «Js 
were culturtd as described (9). Cells were synchroni«d by 
incubation for 5-7 days at 2-5 x ID** ceUs per ml without 
change of medium and suspended in fresh medium at the 
same concentration to initiate growth, with oligomers and 
tracer as noted. In selected experiments, cells were dduted 

10-fold. - , 

OUgomov. Antisense and sense oHgodeoxyrftonucIc- 
otides, with base sequences complementary aod idenhcal, 
respectively, to those of prothymosin a mRNA, were pu^ 
chased in «1000 OD amounts from Synthccell (Rooitviue, 
MD)- Terminal phosphates were absent. Hie names and 
sequences of the four antisense oligomers usedm this study 
as follows: 178. S'-GTCTACGGCTGCGTCTGACATM ; 
1B3, 5'^GTOTCrACOOCTGCO-3'; 448, 5^CATCATCT- 
TCAGCTO03'; and 1019. y-OCAACTACTTATAGTA- 
CAG-3'. Complementary sense counterparts bear the same 
names. Except where noted, oligomer concentrations were 
40 uM. The quaUty of the oligomers was evahiatod by visual 
inspection of 20% polyacrylwnide gels; greater than 90% of 
the cthldium bromide-stained DNA was the correct size 
relative to a standard 16-mer. 

Radioactive oligomers (600 ng) were synthesize? &om 
oligomers lacking the 3'-terminal nucleotide specified above 
by extending them to fUll length with the appropriate dcoxy- 
rioLUdeoside ["Pltriphosphaie (300^6000 Cy™^^ ^m- 
ersham; 1 Ci ^ 37 GBq) In 20 ^1 ^^uffcr (BRL) 

contahung bovmc serum albumin at 100 f*g/ml, 40 pO of 
label, and 150 units of termmal deoxynuclcotidyltransfer^e 
(Bochringer Mannheim) at room temperature for 5 mn (IJ. 
Oligomers were also labeled for 30 min at 3rC m batf the 
above volume with 50 units of termmal transferase and 50 mCi 
of Pmtriphosphate (-50-70 a/mmol), DNA waspurified by 
extraction with phcnol/chloroform/isoamyl alcohol 25-24:1, 
boiled, sulrjected to G-25 Sephadex spun column fraction- 
ation, and evaluated electrophoretically in m polyacry^ 
amWo sequencing gels in the presence Of 8 M urea C2); 
marlcerfi inchidcd (dDs and (dDii-w. RadioacttvUy incorpo- 
rated into DNA was quantified by binding to DB-81 filters 

Oligomer stability was decermined in 1-m) cultures with 40 
uM r^JDNA (2 X l(f cpm/ml). Cells were washed exten- 
sively with unlabeled ice-cold phosphate-buffered salmc 
(PBS) and lysed in 0.5 ml of low-salt Tns I/ly sing boffcr 1, 3:1 
(12), nuclei resuspended in 500 >d of PBS. cytoplasm (500 ^d), 
and 2 aJ of the cell-&te cnlturc fluids in 500 /d of PBS were 
incubated overnight at 65'C with 100 /ig of prowinaae K and 
5 ^ of 10% SDS- In each case, the size of the aliquot 
examined electrophoretically was based on the recovery of 

•To whom reprint requeats should be addressed at: NulOO&l huti- 
tutea Of HoSth. Buildins 10, Room B1B38. Bethesda, MD 20B9Z. 
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an extemal standard (1.2 x 10* opm of an otherwise identical 
%-lAbeLed olifiomei). 

Asspy of Protfaymi^ a. The amount of piothymosin a 
produced durine the cell cycle was datermiped by U3ii« 2 5 
X 10* oUgomer-trealed cells Ubeled with 250 /*Ci of PHJ- 
glutanuc add in l-ml cultures from rcro time until time of 
harvest- Washed ccUs were lyscd by boiling in 50 /J of buffer 
aO mM Tris-Ha, pH 7,5/0.5% SDS/0.5% 2-merc^to- 
ethaiiol/pcpstatin at 42 /ie/ml/phenylmethylsulfonyl tluonde 
at 0.52 mg/ml/lcupeptln at 1.5 /i^ml. A syotbeUc exteinal 
Standard proieio (25,000 cpm) derived from aprothymoain a 
pseudogcne (gene 112) synthetic mRNA was iOso added to 
each sample withoui regard for cell count. Our methods for 
generatiap synthetic proiclna are detailied elsewhere (?). 
Acetone-precipitated proieiiw (13) were analyzed by using 
DODcquilibrium two-dimensional gel electrophoresis (9); pro- 
tein spots were quamiEcd with a Molecular Dynamics 300A 
computins densitometer to scan gel autoradiographs. 

RNA Transfor BWa. RNA was isolated, fractionated elcc- 
trophoretically, transferred to Nytran membranes (Schlei- 
cher Sl ScbuclO and probed with prokhymosin « cDNA and 
with a class I m^jor histocompatibility gene, essentially as 
noted earUer (1). 

RESULTS 

Effector Antlsense Oligomers on C«IIDM91oD. Experiments 
with aniisense oligomers to prothymosin a were nndcrtaken 
to explore the apparent role of the protein in cell prolifbia- 
tion. Our goal was to make cells deficient in prothymosin ct 
and to detennine the effect on growth and division of a 
synchronized population of myeloma cells. Toward this end, 
four antisense oligomers were synthesized; two of them, 17$ 
and lft3p are directed agair^st sequences coding for the 
amino-terminal end of prothymosio a; one oligomer, 448, is 
aimed at nucleic acid sequences upstream of the stop codon, 
whereaf antisense oligomer 1019 can hybridize with the 
3'-noDCoding region of prothymosin a mRNA. The positions 
of the oligomers with respect to prothymosin a mRNA are 
illustrated in Fig. 1. KflTecc of the oligomers on coll division 
was assessed as Idllows: Myeloma cells were grown to 
stationary phase; at time 0 they were suspended at the same 
concentration in fresh medium containing antisense or sense 
oligomers or in medium without additions. Thereafter, ceDs 
were counted at daily intervals. As shown in Table 1, cells 
incubated without oligomers or with any of the four sense 
oligomers doubled in number after 24 hr and, except for sense 
oligomer 17^ where data are lackiz^, doubled in number again 
after 48 hr. In contrast, cells treated with any Of the four 
antisense oligomers did not divide within 24 hr, or experi- 
enced sigidficant inhibition of proliferatioo. However, in the 
interval between 24 and dg br , all groups of anUsense-treated 
cells recovered and di^ed, resulting in cell numbers which 
were about half those of sense-treated samples or untreated 
controls measured on the second day. The aniiseose lg3 
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Fic. 1. Mop cfprothymosia IK mRNA indieadnsregioiu targeted 
by oUgomen. AAtlMikse oUgodcoxyribonucteotldes are n&mcd fbr 
the i'-fliDst base of prothymosin tt mRNA to v^ich diey can 
hybridize; souc aUgomeri sro nuncd mmilarly, except that they on 
identical to mRNA. The initiation codon is ^und at posaion 178, wd 
the stop codoD is at podticn 511. Hfttch^d reodu are noneoding; the 
prothymosin a coding reglan is noted. OSgomers arc not drawD to 
scale. 
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ohgoraer produced the most dramatic and reproducible re- 
suUs, whereas cell division always occuned to some extent 
with antisense oligomer 1019. ^ * 

Two further controls were peribrmed. (0 The eOfect oi 
antisense 183 and sense 183 oligomers was compared with 
that of random antisense and sense 1B3 oligomers that were 
constructed by reversing the sequences from 5' to3 . Thus, 
modom antisense 183 is 5'-OOGTCGGCATCTGTGG.3'. In 
these experiments, sense, random sense, and random an- 
tisense DNA had no effect on cett division, whereas the 
standard antiecnae oligomer inhibited cell division as detailed 
above (Table 1). These findings indicate that the antiprolif- 
erative effect of antisense oligomer* to prothymosin a is a 
function of the correct sequence and not Of gross oligomer 
composition. The effect of an antisense oligomer directed at 
A-microglobulio. 5'-GCTAAaGCCACCGAGCO-3', was 
tested at a concentration of 40 At time 0. controb laddng 
oligomer* and antiscnse-treated samples contcuned 4.7 x 10* 
cells; 24 hrlaterboth samples contMned9.9 x Wcdls. These 
exults rule out the possibility that antisense oligomers, m 
general, Inhibit cell growth by some form Of nonspecific 
toxicity . 

The Ifl3 oligomer pair was chosen for further evaluation. 
Oligomer concentrations P^om 10 to 80 ^iM were tested under 
conditions Identical to those described above. At 10 iMi 
antisense 183 had no cfTect on cell division; at 20 fiM» the 
effect was modest, resulting in a ratio of sense- to antiscnse- 
treated cells of 1.3 in 24 br, and at either 40 pM (Table 1) or 
go /iM the effect was maximal with the aforementioned ratio 
equal to 2. Furthermore, the ability of antisense 183 oligo- 
mers to prevent growth was observed in r^dly growing 
cells, a« well as in ceUs released from stationary phase by 
Incubation in ftesh medium at a ceU concentration lO-fold 
lower than that specified in Table 1 (data not shown), 
Apparcntiy, the effect of prothymosin et antisense DiN A on 
cell growth was independent of culture conditions. 

The experiments descrihed above establish die &ct that 
antisense oligomers to prothymosin a mRNA inhibit cell 
division. However, they do not rtvenl the precise time 
interval between the division of control cells and that of cells 
in The process of overcoming antisense-induced repression of 
growth. This issue is addressed in Fig. 2, where ceU numbers 
were monitored tiiroughout two normal cell cycles. As hi 
Table 1, cells were grown to stationary phase and subse- 
quentiy transferred to fresh medium with and without 183 
oligomers. Inspection of the data revealed that both sense- 
treated cells and untreated controls divided virtually syn- 
chronously at »16-18 hr and again at -38 hr. The aotiseose- 
treated cells did not divide at 16 hr; instead} they divided 
virtually synchionoualy at w36 hr or approximately one cell 
division late. Fig. 2 /uirfr, which is derived from a diSTenmt 
experiment, illustrates both the synchrony of division of 
antiscnse-treaied cells and the daily variation observed in 
cell-cycle kinetics. These results suggest that the deficiency 
of prothymosin a prevented the cells from dividing on 
schedule. , 

Prothymosin a levels were subsequently deterrnmed by 
using w assay based on two-dimensional gels. This method 
was developed in response to the lack of an antibody with 
sufficient titer or specificity to quantify prothymosin at (7, 
14). Hence, an experiment identical to that in Fig. 2 was 
performed, except that [^HJglutamic acid was added alcng 
with the ol^mers at time 0. Labdcd proteins were examined 
electrophoretically (Fig. 3) at intervals thereafter and quan- 
tified relative to a radioac^ve external standard derived from 
a protiiymosin a psendogene (see Material and Methods)^ 
This approach does not permit an assessment of total pro- 
thymosin a remaining in the cells » but it does allow a 
comparison CO be made between the relative amounts of 
labeled prothymosin a in the amisense- and sense-treated 
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Table 1. 



Effect of oUgomtK on sitwth of synchronized hmnap piydoma ceUs ^ 

^ Effect of oUggmcra on ccH growth, xlQ-*^ cdh/ml 



Exp. 1 



Exp. 2 



hr 



178 



183 



448 



1019 



las 



Random' 



0 
24 
48 



0.30 
1.29 



0.^ 
0,42 



0-30 
0.62 



A 


S 


A 


S 


A 


s 


0.30 


0.30 


0.30 


0.30 


OJO 


0.30 


0.25 


0.76 


0.34 


0.70 


037 


0.78 


0.68 


t26 


0.69 


1-42 




1,49 



None 



0.48 
1.25 



0.48 
0,52 



0.48 
1.10 



0.48 
1-U 



s 

0.48 

1.37 



sense-treated population, Tbe extended labeling periods rt- 
quired to acquire fluificient radioactivity for protein quanti- 
ficatiod probably result in [^Hlproihymosin a levels which 
approach total accumulation; our assay is not deslgnedto 
tneasure pulse-labeltd or newly synthesized molecules. The 
data indicate that treatment of myeloma cells with anttsense 
183 oligomers specificaJly reduces the amount of prolhymo- 

sin a. . * * ■ f^xiA 

Effect of Antisense OUgonicrs on mRNA. Anusenst UNA 
digomen are believed to function in cells in one of two ways; 
cither the DNA hybridized to mRNA generates a subso^te 
forribonuclease H, an enzyme capable of degrading the RNA 
moiety of such hctcroduplexea, or the presence of bound 
DNA on mRNA causes hybrid arrest of translation (15, 16), 
In the former case, an effect of pro thymosin a antisense DNA 
at the level of mRNA would be expected. In an attempt to 
resolve tbe issue, cytoplasmic RNA was isolated from anti- 
sense- and sense-treated cells which had been rel^d from 
siaiionaiy phase, as described above. Blots derived from 
these samples are displayed in Fig. 4. Regardless of which 183 
oligomer was included in the cell suspension, it is clear that 
prothymosin a mRNA was induced «4-6 hr after the initi- 
ation of growth. Untreated controls exhibited identical in- 
duction kinetics (data not ^own). It can also be seen that, 



populations. In this system, prothymosin a (Fig. 3, arrow) is 
easily recognized by its pi value of 3.55 and iU molecular 
mass of 13 kDa. The identification of prothymosin « lo 
two-dimensional gels has been verified by demonstrating 
comigration of labeled syntheUc and natural prothymosin a 
and by comparing patterns obtained from COS cells, either 
untransfected or transfcctcd with the prcthymosin b gene (9). 

Fig. 3 shows that 18 hr after growth stimulation prothy- 
mosin a was clearly deficient in aniisense-treated cells. The 
sense-treated population contained ^4-fold more prothymo- 
sin a than the anlisense-trcatcd cells with respect to either the 
external standard or the label incorporated into other proteins 
viewed in the same gel. Before 18 hr, measurements were 
difficult owing to poor bcorpoiation of radioactive precur- 
sors Into protein; nevertheless, a difference of «2-foid* 
favoring sense-treated cells, couM be ascertained, starting at 
«10 hr. By 24 hr the ratio of prothymosin a in sense-to- 
antisense-treaied cells reflected the partial recovery of the 
latter population; again, a 2-fold difference was obtained. It 
should be noted that approximately equal radioactivity was 
loaded on the gels to obviate the effect of ceU division in the 
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Fio, 2- Effect of 163 gUgomers on sypchronized human myeloma 
cells. Cell* were grown to starionaiy phase, suspended in fresh 
medium With or without 40 fiM 1B3 oligomers* and divided into 
separate l*ffll cuhures. At stated timea they were ccunted. Two 
independent flasks of ceUfi were used at each time; hence each point 
is an average, a, Sense oligomer ; antisense oligomer; and o, 
untreated control, (/njer) Part of cdl cycle in a similpr experiment 
done with the same antisense oliaomer. 



FlO. 3. Bffcct Of 183 oUromers on prothymosin ct accumulation 
in synchronized human mydoma ccUa. Cdta were grown to staUon- 
ary phase and suspended in separate 1-ml culmres contaimng 2 J x 
10* cells and 230 ^ of pHlglutamic add in fresh medium with 40 
uM of either sense or antisense 183 DNA. Cells weie harvested after 
the stated period, lysed with 25.000 epm of an cisternal standard, and 
boUed la SDS. tyaalea were homogem*zed by multiple passages 
through a 27-gauge needle, ageionc-preciphaied, and resuspended m 
sample bttS'er. Prothymosin a was quandfied in twcMluncnsional gels 
in which the harizontal dimension was nonequiUbrium isoelectric 
focusing, and the vertical dimenston was SDS/15% PAGE. Only the 
most acidic 3 cm of each isoelectric focusing gel (pH - 3,5-4) were 
loaded on the second-dimensional gel. Approximately 20% of each 
sample was analyzed. Arrows, external standaM and prothymosin a 
(pfoTa)r 
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flo, 4. Analysis of prothymosin « mRNA in eynchixmized hu- 
man myeloma cclb. 5tAitoiiary-phftS« ctWi wcrt resuspcnded in frtsh 
medium &t 3 x 10^ ceDs per ml with 40 iM sen&e or amJseiue 
oligomers. At the staled lime cytoplasmic RNA was obcamed, 
fraetioiiated electrophoretically in 1.29& agarose fonnakiehyde gels 
run [n 3-(4-morphoUDo)pit>paiie5ulfonic acid buffer made 1,1 M in 
formBidehyde, blotted onto Nytran (Schleicher & Schuell), and 
hybridized with labeled prothynosin a cDNA (proT a) &nd a class I 
m^^r histocompatibility complex (MHC) probe. Each lane contains 
-2J/igofRNA, 

relative to a major histocompatibility complex mRMA coo- 
trDl, the levels of prothymosio a mRNA at each time point 
were identical regardless of the olisomer used. These results 
were extended to the 176 and 1019 oligomer pairs (data not 
shown). It seems clear that prothymosin a mRNA was not 
specificaUy degraded. Therefore, prothymosin tt antisense 
oligomers seem to have prevented or inhibited translation by 
specific hybridization to otherwise translatable mRNA. 

Stability of Sense and Antisense Oiigomerft. The effect of 
antisense oligomers on proliferation of myeloma cells lends 
itself to a simple interpretation: Oligomers in the culture 
fluids are taken up by cells but have no effect on the induction 
of mRNA which occurs 4-6 hr after release from stationary 
phaie. The oligomers must accumulate intracellulariy at a 
concentration sufficient to inhibit translation of prothymosin 
a mRNA for at lease IB hr. At »24 br the mtracellular 
oligomer concentration must decline in order to account for 
the observed increase in prothymosin a between 18 and 24 hr 
and the eventual division of the antisense^treated population. 
As a test of the^e hypotheses, ic was necessary to monitor 
Uptake and stability of sense and antisense oligomers. For 
this purpose* labeled oligomers were required ; ^eir synthesis 
was accomplished by the controlled addition of the appro- 
priate radioactive nucleotide to truncated 183 oligomers 
missit^ the 3'-terminal residue. The result was a radioactive 
molecule, identical to those used throughout this study but 
with a [''PJphosphodiester bond at the 3' end. Because 
oligomers were to be recovered from f^ctionated cells, we 
also synthesized ^H-labeled oligomers, labeled similarly for 
use as external standards. Oligomer stabilities were evaiu- 

MEDIUM NUCLBIS 
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ated in sequencing gels, autoradiographs of which are pre- 
sented in Fig< 5. In the medium, both sense and antisense 
oligomers decayed similarly with half-lives of <^1 hr based on 
binding of radioactive onolecules to DE-81 filters (dau not 
shown). However, analysis in gels revealed two additional 
^ts about the extracellular oligomers: (0 there was micro- 
heterogeneity including failure sequences, particularly in the 
antisense population; and <u) decay was not first order since 
a significant quantity of intact molecules remained at 24 hr in 
each case. Intracellular oligomer stabilities differed mark- 
edly. The sense oligomers were so unstable that their pres- 
ence was difijcult to discern even at time 0. Within these 
ceUs, [^PNA capable of binding to DE^l filters was found 
from 0-6 hr (data not shown); i.e., rapid intracellular break- 
down of intact oitgomei? could not be distinguished fh>m 
uptake of fragments. In comparison, the antisense oligomers 
entered the cells as intact entities, remained stable for at least 
6 hr, decayed significantly by 24 hr, and disappeared by 43 hr. 
Furthermore, the nucleus appeared to act as reservoir for 
antisense DN A, with levels at 6 hr routinely exceeding those 
in the cytoplasm. The data are consistent with a model in 
which binding of antisense oligomers to prothymosin a 
mRNA or premRNA resulted not only in increased oligomer 
stability inside the cell but also in hybrid arrest of translation 
of mature mRNA molecules. The data also support the 
tempoi^ aspects of prothymosin a antisense inhibition of cell 
proliferation suggested above. 

DISCUSSION 

Antisense RNA and synthetic antisense DNA oligomers 
inhibit gene expression in eukaiyotic cells by selectively 
Interfering with the translation or the stability of target 
mRNAs (15, IQ. In the present study, we have used normal 
DNA molecules, without terminal phosphates, to investigate 
the function of prothymosin cr. When human myeloma cells 
were incubated with any of four antisense oligodeoxyribo- 
nucleotides, cell division was prevented or inhibited^ Two of 
the oligomers, 178 and 183, were directed at nucleic acid 
sequences codii^ for the anuno terminus of the protein; one 
oligomer, 448, was aimed at sequences "70 bases upstream 
of the stop codon; and one oligomer, 1019, could hybridize 
deep in the 3'-noncoding region of prothymosiA a mRNA. 
Because all of the antisense oligomers, regardless of their 
targets, were inhibitory, whereas their sense counterparts 
and a random antisense oligomer were not, the effect on cell 
division appears to be specific. Evidently, the transient 
deficit of prothymosin a postpones mitosis. 

The mechanism by which the oligomers modulate cellular 
processes was also examined. The amount of cytoplasmic 
prothymosin a mRNA found in cells as a fimction of the cell 
cycle was identical in the presence of either sense or an- 
tisense oligomers, or in their absence. Furthermore, the 
timing of prothymosin a mRNA induction upon growth 
stimulation remained the same whether cells were treated 
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FiC. 5. Analysis ofihe stability of 183 sense and antisense oligomers in the medium, cytoplasnit and nuclei of myeloma cells. Stationary-phase 
cells were resuspended ia fresh medium containing eiUier "F-Ubekd 183 antisense or sense oligomers at 40 aM (2 x 10^ cpm/ml) and divided 
inio individual 1-ml cultures. At stated time, ceUs were hanrected and lysed. The ^H-lafceled external standard oligomer wa« »Ued to separvted 
cytoplasmic and nuclear fractions before subsequenl processing. OligoinerB were quantified in 89£ polyacryiamide'urea sequencing gels. 
Auioradiographs of fixed dried gels display "P-labeled oligomers exclusively, A, antisense; S, sense. Lanes 1-5 refer to maleriais obtained at 
time 0, 1 hr, 6 hr, 24 hr, and 48 hr, respectively. Labeled oligomers that had not been expoecd to ccUs are at left; the position of the antisense 
{Upper) and sense (JjO\^r] 16-mer is indicated. 
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with DNA of any sort or reserved as untreated comtrola. 
Therefore, these aotiscnse oligomere appear to cause hybrid 
arrest of translation. The antiseose^induced deficiency in 
prothymosin a, relativo to other acidic proiciirt viewed in 
two-dinien&ioi>al gels, corroborates this conclusion. The re- 
sults also suggest that sequences at the y ends of mRNA are 
important for translation {IV* an observiUion made previ- 
ously ^vith antiaense RNA transcripts compIeTneniary to the 
ertdre 3'-Doncoding region of creatine kinase mRNA (18). 

The uptake and stability of the oligomers were measured 
by using P^]DNA molecules. Our data show that antisense 
oligomers were taken up by myeloma cells almost immedi- 
ately and that they remained detectible^ intracellulafly, for at 
least 24 hr. These results arcs consistent with the observed 
reversible effect of prothymosin tt antisense on cell division. 
Wc also noted that antisense oligomers wel^ concentrated in 
the nucleus. Antisense, but not sense, oligomers seem to be 
protected, probably because they hybridize to RNA tran- 
scripts and remain bound during tiansport Into the cyio- 
plasm. These insights were obtained with the use of native 
^-labeled oligomers that were labeled internally at the 
3 '-most phosphodiester bond. Molecules modified with ra- 
dioactive 5'-end phosphates (19) or bujky groups (20, 21) 
have been used by others, resulting in conclusions regarding 
the behavior of oligomers quite different from ours. It should 
be emphasized, in thia eoflflection» that reisolAtion of intact 
ololecules appears the only reliable method for assessing 
oligomer survival. 

An analysis of the fluctuadon of prothymosin a throughout 
the cell cycle provides clues to its fiinction. When stationary- 
phase myeloma cells arc exposed to fresh medhim, prothy* 
mosin a mRNA is induced after -6 hr» with mitosis occurring 
at ^17 hr. From these data it might be inferred that prothy- 
mosin a levels are not critical for the transition fttjm GgrGi 
phase bu t become importam later in the cell cycle. Sustained 
high levels of prothymosin a mRNA during S phase at 10-12 
hr (A.R.S.. unpublished work) through phase support thb 
view. By considering the results with antisense DNA, one 
can further narrow the interval during which prothymosin a 
appears to be required. Despite early uptake of oligomers, 
cells do not become depleted in prothymosin a Until -10 hr 
after growth stimulation; lowest levels occur at 16 hr. This 
observation implies that prothymosin a functions in O3 
pbasCp in preparation for entry into M phase. Nevertheless* 
we have no evidence that prothymosin a direcdy regulates 
cell division. Treatihent with prothymosin a antisense oligo- 
mers also results in a small (10%) reduction in total pfotein 
synthesis (A.R.S., unpublished work); consequently, an ef- 
fect on mitosis mediated through a deficiency in one Or more 
other proteins must be considered. 

Two possible roles for prothymosin a can be hypothesi2:ed. 
Since the protein is highly acidic and locaUzed to the nucleus, 
it could tlinction as a secondary transcription factofi perhaps 
similar in some respects to the VP16 protein of herpes viruses 
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(22). Beeause the accumulation of many proteins is un- 
changed in the presence of our antisense DNA^ prothymosin 
a probably does not affect transcription globally. Accord- 
ingly > it could be a transcription factor that regulates a limited 
array of genes, some of which affect ceU divisiOA. An 
alternative position casts prothymosin or in the role of a 
sbutde protein conveying a non-targeted molecule essential 
for cell grow th and division to its nuclear site of action. In this 
way, it might resemble adenovirus preterminal protein (23>. 
Prothymosin a not only meets the physical requirements of 
this hypothesis but, because it interacts weakly with nondif- 
ftisible elements in cell nuclei (9), also satisfies the criteria 
iram a Rmctional point of view as well. 
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